Abstract: Turbulent intensity and scales of turbulence after hydraulic jump in rectangular channel. Experimental research was undertaken to investigate the changes in spatial turbulence intensity and scales of turbulent eddies (macroeddies) in a rectangular channel and the influence of the hydraulic jump on vertical, lateral and streamwise distributions of relative turbulence intensity and scales of turbulent eddies. The results of three tests for different discharges are presented. An intensive turbulent mixing that arises as a result of a hydraulic jump has a significant effect on instantaneous velocity, turbulent intensities and sizes of eddies, as well as their vertical and longitudinal distributions. In the analysed case the most noticeable changes appeared up to 0.5 m downstream the hydraulic jump. In the vertical dimension such an effect was especially seen near the surface. The smallest streamwise sizes of macroeddies were present near the surface, maximum at the depth of z/h = 0.6 and from that point sizes were decreasing towards the bottom. The intensive turbulent mixing within the hydraulic jump generates macroeddies of small sizes.
INTRODUCTION
The design of any water structure in open channels requires knowledge on a kinematic and dynamic structure of Turbulent intensity and scales of turbulence after hydraulic jump in rectangular channel ADAM KOZIOŁ, JANUSZ URBAŃSKI, ADAM KICZKO, MARCIN KRUKOWSKI, PIOTR SIWICKI Department of Hydraulic Engineering, Warsaw University of Life Sciences -SGGW a stream. The turbulence is one of the most essential phenomenon that determines processes occurring in flowing water. Turbulent flow manifests with a chaotic and intensive mixing of water masses, with changing velocity. The investigations of the turbulence properties is necessary for understanding of processes such as: the exchange of mass and momentum between these parts of the channel that have diversified velocities, the transport capacity of the stream, sediment transport and redeposition, bed formation, contaminant transport and the whole cross-sectional discharge capacity.
A hydraulic jump that is often formed downstream hydraulic structures, it is characterized by an intensive turbulent mixing. It manifests with an increased velocity at a bottom and pulsation velocity of the stream, with a strong erosion potential, especially for non-cohesive soils. A stream of water entrains soil particles and transports them leading to development of scour holes. The erosion properties of a stream comes from its complex kinematic structure of the intensive turbulent flow. These depend on a construction of hydraulic structures, especially energy dissipation devices, outlet design and a submergence of the hydraulic jump. There exist a rich body of literature on this topic.
As previous studies revolved (Kumin 1956 , Kališ 1961 , Wu and Rajaratnam 1996 , Urbański 2006 , Guan et al. 2014 , turbulence intensity and velocity at the bottom decrease with a distance from the hydraulic jump. However, just after a stilling section, because of its limited length, a stream turbulence is still high what intensifies an erosion downstream and might lead to the development of scour. It is not desirable from the viewpoint of maintaining the stability of the riverbed and the structure itself.
Open channel flow is, by nature, three-dimensional. Even in a straight laboratory channel, turbulence can cause instantaneous velocities: u i , v i and w i . The turbulence intensity is one of the most important characteristics of turbulent water flow, being defined in all three directions by the velocity components as follows:
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where x, y and z are streamwise, lateral, and vertical directions, respectively. The intensity can be also defined in a nondimensional form of the relative turbulence intensity given by u'/U, v'/U, and w'/U, where U is the time-averaged point velocity in the x direction. In this paper we took advantage of the second definition. Nezu and Nakagawa (1993) proposed the equations describing relative turbulence intensity distributions in single channels for steady two-dimensional flow. However, the conditions of water flow in a single channel or a compound channel with submerged and emergent vegetation and after a water structure are significantly different and very complex (Shiono and Knight 1991 , Tominaga and Nezu 1991 , Nezu and Nakagawa 1993 , Nikora et al. 1994 , Rowiński et al. 1998 , 2002 , Babaeyan--Koopaei et al. 2002 , Dargahi 2003 , Czernuszenko et al. 2007 , Mazurczyk 2007 , Yang et al. 2007 , Nepf and Ghisalberti 2008 , Siniscalchi 2012 , Pagliara and Palermo 2013 , Kozioł 2013 , 2015 . The mechanism of the turbulence is associated with generation of big scale vortices, from which the turbulent energy is transformed into energy cascade for smaller scale eddies until it is dissipated into heat by the molecular viscosity (Nezu and Nakagawa 1993). The largest scale eddies are considered as macroeddies. They are impermanent and disintegrate into structures of smaller sizes (microeddies), but simultaneously new, large structures are generated. As the result, the flow field consists of eddies of different scales. The information on eddies scales allows characterizing the phenomenon of the turbulence, that is crucial for determining such river processes as sediment transport and deposition, bed formation and others.
The sizes of macroeddies determine the external scale of turbulence. Determination of macroeddies sizes requires identification of eddies time-scale. This is achieved on the basis of an autocorrelation function -R(t). The function exhibits similar forms of decaying curves with an alteration of the domains of the positive and negative values. With the autocorrelation function Euler time--macroscales (T E ) are derived according to (Nikora et al. 1994) :
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which are the measure of the slowest changes in the turbulent flow caused by macroeddies. According to the Taylor hypothesis for a steady and uniform turbulent flow, when mean velocity in a given point significantly exceeds the velocity of fluctuations, there exists a direct relationship of temporal (T E ) and spatial Eulerian (L) autocorrelation functions. Referring to Taylor's relationships between the L and the T E turbulence macroscale, the following formula for mean streamwise sizes can be derived:
In studies on the turbulence, the sizes of macroeddies are often normalized with the water depths (h) for the sake of an easier comparison. Macroeddies in single and compound channels without and with vegetation were previously analysed by: Nikora et al. (1994) , Kozioł (2000 Kozioł ( , 2008 Kozioł ( , 2015 , Rowiński et al. (2002) , Rowiński and Mazurczyk (2006) , Czernuszenko et al. (2007) and Mazurczyk (2007) .
The size of microeddies is the other measure characterizing the turbulence. It accounts for a size of the smallest eddies, present in the flowing water. Kolmogoroff and Taylor proposed spatial scales of microeddies (Nezu and Nakagawa 1993 , Mazurczyk 2007 , Kozioł 2012 , 2015 . The Taylor microscale depends both on the macroscopic motion by means of the fluctuating velocity and on dissipative characteristics, whereas the Kolmogoroff microscale depends only on dissipative and viscous characteristics (Nezu and Nakagawa 1993). The sizes of microeddies are smaller by few orders of magnitude than a mean velocity (Kozioł 2015) or the scale of macroeddies. Because of their small values, being of order of decimal parts of a millimetre, it is difficult to draw conclusions about significant changes of their values, therefore they were not analysed in this paper.
This paper presents the analysis of the relative turbulence intensity and spatial scales of turbulence (macroeddies) distributions on length of stream below a stilling basin, calculated basing on the measurements of instantaneous water velocities in a rectangular channel. Instantaneous velocities of water in streamwise and lateral direction were measured in centerline of the channel, over a flat and horizontal bed and three tests were taken for different flows. The used measuring data come from with earlier investigations of relating lengths of protection and the scour of bed (Urbański 2006 (Urbański , 2012 .
EXPERIMENTAL SETUP AND PROCEDURE
The experiments considered herein were carried out in the Hydraulic Laboratory of the Department of Hydraulic Engineering, Faculty of Civil and Environmental Engineering at the Warsaw University of Sciences -SGGW. Laboratory experiments were performed for a weir model built in a rectangular channel, wide for 1 m. The diagram of the experimental setup is shown in Figure 1 . It consists of the sluice gate, stilling base and a section of reinforced bottom, as a transitional region. The sluice gate allowed maintaining a certain water depth at the upstream side, while a gate placed at the channel end, ensures the stabilization of the stream depth (h) in the downstream sections. The stream flow rate (q), per unit, was fixed during each experiment. Values of gate opening height (a) are given in Table. The submerged hydraulic jump was formed and maintained in the stilling basin. Hydraulic flow conditions of experiments including properties of the hydraulic jump: discharge (Q), unit discharge (q), tailwater depth (h), upstream depth (H), gate opening (a), calculated supercritical (h 1 ) and (h 2 ) subcritical depths, and supercritical Froude number
1/2 (where U a = Q/(ba) is the supercritical approach velocity, b is the width of gate, g is the acceleration due to gravity, are given in Table) . More detailed information's about the methodology are found in the papers Urbański (2006 Urbański ( , 2012 .
During experiments the velocity profiles were taken over the sandy and horizontal bed in the axial plane of the channel starting from the end of the reinforced reach (Fig. 1) . The measurements of instantaneous velocities were carried out at 16 verticals. Each profile consisted of four depth points arranged as follows: the bottom z 1 = 0.018 m, z 2 = = 0.3h, z 3 = 0.6h and just below the water surface z 4 = h -0.02 m.
In the study instantaneous streamwise u i and lateral v i velocities were measured with the use of the programmable electromagnetic liquid velocity meter PEMS manufactured by Delft Hydraulics. The meter proved to yield a good description of the turbulence characteristics when certain conditions related to the flow it- 
RESULTS AND ANALYSIS

Velocity profiles
Figure 2 presents the changes of streamwise velocities -U, with the relative depth -z/h (z is the distance from the measurement point to the bed surface, h is the water depth) on the length of a stream (x) after the hydraulic jump and the transition region (Fig. 1) Fig. 2 ). The lowest streamwise velocities were observed near the water surface, while the highest close to the bottom. It is a result of the velocity distribution in the hydraulic jump (backward flow near the water surface). With the increasing distance from the jump the maximum velocity was shifted from the bottom towards the surface, it results in an increase of velocity near the surface, and its decrease at the bottom, which is typical for the so-called transition section for the flow of the hydraulic jump (Wu and Rajaratnam 1996) . In the present experiment in a distance of x/h = 1.5 the velocity distribution became similar to the observed one in open channels. On the basis of the results of Urbański (2012) and present ones, it can be stated that a distance downstream of the hydraulic jump, that is needed for a development of Figure 3 presents the vertical distributions of streamwise relative turbulence intensity after the hydraulic jump for three tests. The highest relative intensity of turbulence in the vertical occurred at the water surface, decreasing towards the bottom, and became constant after reaching the depth of z/h = 0.6. Maximum intensities occurred next to hydraulic jump at a distance x = 0 m. Figure 4 presents the streamwise distributions of relative turbulence intensities along the stream below the stilling basin for z/h = = 0.1-0.9. The most significant decline in the relative intensity of turbulence took place next to the jump at a distance x = = 0-0.5 m, farther downstream its values remained nearly constant. For smaller flow rates, at a distance x >0.5 m relative intensity of turbulence was larger at the water surface (z/h = 0.85, test 1, Fig. 4) . In single and compound channels, for free flow conditions, streamwise turbulence intensities increase from the water surface towards the bottom FIGURE 3. Vertical distributions of relative turbulence intensities for three tests FIGURE 4. Streamwise distributions of relative turbulence intensities in the x direction below the hydraulic jump for z/h = 0.1-0.9 (Nikora et al. 1994 , Kozioł 2013 . In the present study for the farthest measurement points the distribution of the streamwise turbulence intensity was different. Its values decreased from the water surface or remain constant along the depth (Fig. 3) , so are different from these presented by Nezu and Nakagawa (1993) for single channels. However, the range of the acquired values for farthest profiles: u'/U = 0.05-0.2 was close to these reported in the literature for the open channels with the free flow (Czernuszenko and Lebiecki 1980 , Nikora 1985 , Shiono and Knight 1991 , Nikora et al. 1994 , Nikora and Smart 1997 , Rowiński et al. 2002 , Rowiński and Mazurczyk 2006 , Sanjou et al. 2010 , Kozioł 2013 . Figure 5 presents the vertical distributions of relative velocities and turbulence of the turbulence in the streamwise and lateral directions were constant and did not change with the length of the stream. Just downstream the hydraulic jump (x = = 0 m) near the water surface (z/h = 0.9) relative intensities of turbulence in both directions were the same, while below z/h ≤0.6 the streamwise direction dominated. At a distance of the hydraulic jump, at the water surface the lateral turbulence intensity was lower than the streamwise one but toward the bottom (z/h ≤0.6) the intensities became equal (Fig. 5) .
Distribution of turbulence intensities
It can be noted that the greatest changes in the turbulence intensity occurred downstream the hydraulic jump at the distance x = 0-0.5 m, while vertically near the water surface. These changes resulted from an intensive mixing of the downstream the hydraulic jump, especially at the water surface. intensities in streamwise and lateral direction for four verticals in test 3. The averaged cross-sectional velocity (V) was almost constant at depth and its value was small compared to the streamwise vertical velocity. Profiles of the relative intensity Spatial scales of turbulent eddies (macroeddies) Figure 6 presents the vertical distributions of streamwise relative sizes of macroeddies for three tests. The results suggest that regardless of the flow rate downstream the hydraulic jump the vertical distributions of relative sizes of macroeddies are equal. The smallest relative sizes of macroeddies in vertical direction appeared at the water surface (L/h = = 0.2-0.6), increased to the relative depth of z/h = 0.6, and then decreased towards the bottom to the length of L/h = 0.9-1.3. The intense turbulent mixing in the hydraulic jump formed only small sized macroeddies downstream. In the stream centre (z/h = 0.3-0.6, Fig. 6 ) the relative sizes of macroeddies were greater due to the presence of the highest gradients of mean velocity and high turbulence region near the water surface combined with fluctuations of the water surface.
All acquired values of the relative sizes of macroeddies L/h were in the range from 0.2 to 1.6 and are also comparable with those found in the literature for a single and a compound channel: from 0.1 to a few depth of the stream (Nikora et al. 1994 , Rowiński et al. 2002 , Rowiński and Mazurczyk 2006 , Czernuszenko et al. 2007 , Mazurczyk 2007 and Kozioł 2000 , 2008 and 2015 . Figure 7 presents the distributions of relative sizes of macroeddies along the stream after the hydraulic jump for z/h = 0.6-0.9. At water surface and near the bed relative sizes of macroeddies did not change on the length of the stream (Figs 6 and 7) . However, in the centre of FIGURE 6. Vertical distributions of relative sizes of macroeddies for three tests FIGURE 7. Distributions of relative sizes of macroeddies on length of stream after the hydraulic jump for z/h = 0.6-0.9 the stream (z/h = 0.6, Fig. 7) , the relative sizes of macroeddies slightly grew at a distance x = 0-0.5 m from the hydraulic jump and further downstream remained constant.
As it can be seen in Figures 6 and 7 an intensive turbulent mixing caused by the hydraulic jump had a large impact on the relative sizes of macroeddies and their vertical and longitudinal distributions. The biggest changes were just downstream the hydraulic rebound (x = = 0-0.5 m) and vertically near the water surface.
CONCLUSIONS
Investigations of relative turbulence intensity and the streamwise sizes of macroeddies, presented in the paper, are based on measurements of instantaneous velocities (u i and v i ) after the hydraulic jump in a hydraulic laboratory, in a rectangular channel with a flat and horizontal bed. The effect of the hydraulic jump is considerably high and it influences most of the turbulence characteristics in the channel.
The intensive turbulent mixing caused by the hydraulic jump had a large impact on the instantaneous velocity, turbulence intensity and sizes of macroeddies, as well as their vertical and streamwise distributions in the stream. The largest changes occurred just behind the hydraulic jump (x = 0-0.5 m), while vertically near the water surface. The lateral velocity (V) was almost constant in the depth and its values were relatively small compared to the streamwise velocity (U). The vertical profiles of the relative intensity of turbulence in the streamwise and lateral directions were similar and did not change with the length of the stream.
Regardless of the flow rate the vertical profiles of the relative sizes of macroeddies had the same shape. The smallest relative sizes of macroeddies in the vertical profile were present at the water surface (L/h = 0.2-0.6), rising to the relative depth z/h = 0.6, and then decreasing towards the bottom to the value of L/h = = 0.9-1.3. The intense turbulent mixing in the hydraulic jump led to the formation of only small sizes of macroeddies downstream. The calculated streamwise sizes of macroeddies (L/h = 0.2-1.6) were similar in comparison with the sizes of macroeddies in an open channel (L/h = = 0.1-4.4, Nikora et al. 1994 , Rowiński et al. 2002 , Kozioł 2015 . Measured turbulence characteristic are significantly different from the types of distributions in open channels.
The study presented characteristics of the turbulence downstream the hydraulic jump over a flat and horizontal bed, before the formation of scour. The impact of a high turbulence stream (especially downstream a water structure) on the bottom is the direct cause of formation of score structures downstream water structures. To complete the picture of turbulence characteristics downstream the hydraulic jump detailed information about their distributions in vertical and longitudinal directions within and above scour should be also provided. Such a problem will be the scope of a separate publication.
